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Phase instability in a four-frequency

anisotropic-ring cavity gas laser

L.P. Svirina

Abstract.  The nonlinear dynamics of a class A four-
frequency ring gas laser with elliptic nonorthogonal states of
counterpropagating waves is studied based on a developed and
experimentally tested model taking explicitly into account the
dependence of the backscattering coefficient of counter-
propagating waves on polarisation characteristics. It is shown
that the instability of phase characteristics of the generated
field cause the switching of the intensities, polarisation states,
and phase differences of counterpropagating waves in the self-
oscillation regime, the shift of the intensity switching over
detuning caused by the phase shift of the wave due to nonzero
ellipticity, the spontaneous phase symmetry breaking accom-
panied by the appearance of deterministic and noise-induced
chaos, the multistability of attractors with different top-
ologies, and symmetric and asymmetric chaotic, as well as
stochastic oscillations.

Keywords: polarisation of light, linear coupling, ring laser, multi-
mode lasing, spontaneous break of the phase symmetry, symmetric
and asymmetric chaos, noise-induced complicated oscillations.

1. Introduction

The application of class A four-frequency ring gas lasers
(FRGLs) in gyroscopes (see, for example, [1-3]) attracts
persistent interest in the study of the role of various
physical mechanisms in the formation of a generated field
and in the development of new methods for controlling
radiation parameters of these lasers. The FRGL model
based on the matrix method and used in this paper allows
one to study the influence of polarisation effects on the
operation parameters of laser gyros. Aside from conven-
tional technical applications, an anisotropic-cavity FRGL is
an excellent physical model for studying general properties
inherent in multiparameter high-dimensional nonlinear
systems.

So far the studies of FRGLs were mainly restricted to
the stationary lasing regimes (see, for example, [4—6]), while
backscattering was taken into account only for counter-
propagating waves with coincident linear polarisation states
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[5]. The features of the nonlinear dynamics in such systems
were experimentally found comparatively recently [7, §]. In
this paper, the equation are derived which describe the
operation of FRGLs taking into account backscattering for
arbitrary polarisation states of counterpropagating waves
and conditions for the development of regular, chaotic, and
stochastic lasing regimes are determined in the case of the
elliptic nonorthogonal polarisation states of these waves.

In anisotropic-cavity lasers with the adiabatic exclusion
of populations and polarisability of the medium (class A
lasers), the two physical mechanisms are known which give
rise, in the absence of any external time-dependent action, to
self-oscillation lasing regimes: these are a linear coupling of
counterpropagating waves, producing the phase instability,
and the competition between the anisotropy of the nonlinear
active medium and the cavity anisotropy, resulting in the
polarisation instability.

The linear coupling of generated waves appearing due to
their backscattering by inhomogeneities of the medium and
cavity involves the phase characteristic of radiation to the
laser field formation and creates prerequisites for the
appearance of effects caused by the phase instability, which
can be also observed in lasers with a scalar field (see, for
example, [9—12]). The undamped periodic oscillations of
polarisation characteristics of light appear when the cavity
and medium anisotropies are comparable and the polar-
isation eigenstates of the medium and cavity strongly differ
from each other (in this case, the equations for intensities,
azimuths, and ellipticities are independent of the laser wave
phases [13]). The polarisation instability was observed
experimentally at different transitions in linear He—Ne
[14—17] and He— Xe lasers, and was described theoretically
in [17, 18].

At present, despite the appearance of a number of papers
in which the linear coupling in class B anisotropic lasers is
taken into account (see, for example, [19, 20]), the properties
of the vector field in laser systems caused by the instability
of the phase characteristics of generated waves have not
been adequately investigated.

Among important and virtually undeveloped problems
of the modern dynamics of laser systems is the development
of theoretical methods to describe anisotropic lasers with a
linear coupling in the case of multimode oscillation. Also,
the mechanisms of the appearance of complicated (chaotic
and stochastic) lasing regimes in nonlinear systems with
symmetry, which are promising for applications in optical
data processing and communication systems, have not been
sufficiently explored. The study of the nonlinear dynamics in
FRGLs with linearly coupled elliptically polarised counter-



propagating waves performed in this paper can be useful for
solving all the above-mentioned problems of laser physics
and can form the basis for understanding the properties of
the nonlinear dynamics of various high-dimensional coupled
physical systems.

2. The mathematical model

The linear coupling of counterpropagating waves in ring
lasers caused by backscattering from inhomogeneities in the
active medium and laser cavity, due to which the electro-
magnetic field in each of the propagation directions
represents a superposition of these waves, is one the of
the basic mechanisms of formation of the electromagnetic
field in lasers with various active media. Backscattering of
light in laser gyros at small rotation velocities leads to the
equality of the frequencies of counterpropagating waves
and the absence of a beat signal, i.e. the synchronisation
effect or frequency locking (see, for example, [21, 22]).

Due to a variety of factors leading to backscattering (see,
for example, [23—27]), the contribution of each of them to
the laser field formation cannot be taken into account. At
present this effect is described by two methods. The first one
is based on the assumption [28, 29] that all the ordered
inhomogeneities can be represented by a single anisotropic
reflector in the general case located inside the cavity with the
effective coupling coefficients between counterpropagating
waves. In this case, it is necessary to take into account the
boundary conditions on the reflector. The second method
describes the influence of backscattering with the help of an
external anisotropic mirror (see, for example, [30]).

The use of the Jones vector and matrix formalism
[31-33] in the theory of gas lasers [34—38] allows one to
take into account, within the framework of the first method,
backscattering of waves with arbitrary polarisation states.
Note that the matrix method was also used to solve one of
the fundamental problems of the physics of anisotropic laser
systems, namely, to take into account the equal influence of
the anisotropy of the medium and the anisotropy of the laser
cavity on the formation of polarisation of generated
radiation and to describe experimental regimes with the
azimuth and ellipticity periodically varying in time [17].

Figure 1 shows the scheme of an anisotropic-cavity
FRGL and the configuration of the electromagnetic field
on a reflector. The cavity contains reflector ( /) — an optical
inhomogeneity described by the complex reflection (r*) and
transmission (¢¥) coefficients, which are different for
counterpropagating waves in the general case and can
depend, due to the possible presence of the diffusion
component of scattered radiation and diffraction effects,
on the polarisation states of generated waves.

The electromagnetic field in a single-mode FRGL" is
described by the superposition of four travelling waves with
the Jones vectors having the form [39, 34]

i I'(2) 12 cos z/(t)
E; = [cosh2ﬁ,?(l)} (sinzf(t) 8

“In the FRGL under study, an electromagnetic field is formed with one
longitudinal and one transverse mode indices. The appearance of phase
anisotropy in the cavity removes the degeneracy of this mode, thereby
producing conditions for the existence above the threshold of four
travelling waves with different intensities, frequencies, and polarisation
states.
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Figure 1. Scheme of an anisotropic-cavity ring gas laser with linear
coupling (a) and the electromagnetic field configuration on a reflector
element (b): (/) reflector element; (2) active medium; (3) mirrors; (4)
anisotropic elements; H is the longitudinal magnetic field strength in the
medium.

x expli(¥/(1) — wjn)], j=1,2,i=4, ()

where I = |E|* is the intensity; ¥ is the phase; w/2m is the
lasing frequency (in hertz); z =y +1if5; y is the azimuth;
¢ =tanh f is the ellipticity of an electromagnetic wave;
indices 1 and 2 correspond to unidirectional waves, and + —
to counterpropagating waves.

Let us write in the vector form the equations for
stationary regime of lasing in the FRGL, which represent
the conditions of reproducibility of the field vector after a
round trip of light in the cavity (from the initial to final
point). By starting from the point P* in the direction =+,
under the condition of the continuity of the tangential
component of the electric field strength vector on the
boundary of the effective reflector, we obtain

M*TSTES =2 El", Eff = E" + [ E;
+a(ty B + 1y Ey ), (2

M+SZ+E4+ = )v;E2+7 E‘4+

oty E;" +ri Ep)

+06, B +r By, A3)
STM Ey =) E, Ey =1 E[ +r'E

+o(ty Ey +ry Ey), 4
Sy M E; =) Ey, Ef =15 E5 +r,Ey

+oa(ty E; +r Ef), %)
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where Si% and SF are the Jones matrices of the active
medium for waves 1 and 2%, respectlvely, /; are the
eigenvalues of Jones matrices 0" b= =M S1 , and
Ql 2= Sle M* are the cavity matrices for directions
+; i, (;2 , t3) are the complex reflection and
transmission coefficients, respectively, for counterpropagat-
ing waves belonging to the same eigenfrequency w;, (w,.) of
the cavity; and o is a parameter describing the linear
coupling of counterpropagating waves belonging to differ-
ent eigenfrequencies of the cavity.

The absolute values of parameters ri 2 it 2, satisfy the
condition \112| + |t12| <1, and the phases ¢>12 = argrlz
of the equivalent reflection coefficients upon scattering by
the inhomogeneities of the permittivity and conductivity are
related by the expressions (¢1+,2+d)[2)/2:mn (m is an
integer) in the case of the conservative coupling or by
(12 + ¢12)/2=(1/2+ m)r in the case of the nonconser-
vative (dissipative) coupling, which is realised, as a rule, in
experiments. In particular cases for r =1, t =0 and r =0,
t = 1 lasing equations (5) describe an ideal linear and an
ideal ring lasers, respectively. In intermediate cases, the
system has the properties both of linear and ring lasers.

The equations of nonstationary operation of a FRGL in
the vector representation can be written in the form [40]

Ef
d | E
de' | Ef
Es
SP NS NSt S s
_ S1 M- r1+ Sl Mftf ST M 70{12 SfM;oct;
M+S2 O(tl M S2 O(rl M+S2 t2 M+§2 r{
S2 O(}l Sz Oﬁtl S2 M }"2 S{M7t27
E, Ef
E | _| Ef
X E2+ E2+ ) (6)
E, Ey

where ¢’ — t¢/L is the number of round trips of light in the
cavity for the time 7; ¢ is the speed of light; and L is the
cavity length.

The Jones matrix of a nonlinear homogeneous” active
medium of the laser is defined as

A oI .ol
S; = exp (—17\/;) = exp{— 17(1 + 271)()_/}, (7

where / is the medium length; w/c is the wave number; &
and 7 are the two-dimensional projections of the permit-
tivity and susceptibility tensors on the light propagation
direction.

The Jones matrix of the active medium of a FRGL for
the wave 17 in the presence of a longitudinal magnetic field
has the form [34, 38]

S =exp {—iwfl(l + 2715/1*)} = exph exp H, ®)
¢

*A nonlinear medium can be considered homogeneous only approxima-
tely if the parameters of radiation propagating in it remain invariable and
equal to the parameters of radiation incident on the medium, which is valid
in the approximation of the third-order field perturbation theory.

where
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b/ cosh2p,
b/ cosh 2 + idy},

—idﬁ( I’+ : (9)
—bt/ cosh 2B, e~
Il 2=1 2|a’ab| /3h Ty are the dimensionless intensities of
the waves 1+ 2515 = |E12| ky =2m /2N|dab\ /3ficKu is
the linear gain at the line centre; |d,;| is the reduced matrix
element of the dipole transition moment; y,, are the
relaxation constants of the lower and upper levels,
respectlvely, N is the population difference density; IM =
(I LYL /LY Wix£4,y) = Ulr+4,)+iV(x£4,y)
is the complex error function; le— U12+1V12 =
[W(Xlz 4,y)+ W(Mz+4| /2 Ale = [W(xi> — 4,)
—W(xih+4,9)]/2: xi5+4 = (0> — wy = gugH)/Ku is
the detuning of the laser frequency wﬁz from the contour
centre wy; x' = xKu/2n (in hertz); 4 = gugH/Ku; g is the
Lande factor; ug is the Bohr magneton; H is the longi-
tudinal magnetic field strength in the medium; Ku = Awp /2
xv/In2; Awp is the Doppler contour width; y = y,,/Ku;
and 7y, is the homogeneous linewidth. The nonlmear self-
action coefficients ¢; 7, , the coefficients af;” (b, b,d),

? (b, b,d) of 1nteractlon of the wave 17 with unidirec-
tional and counterpropagating travelling waves, and the
coefficients ajy, by, b1k, d;, of combinational interaction
contributing to the polarisability of the medium at the
frequency w{ for a single-isotopic gas in the Doppler limit
and the approximation of relaxation constants vy,, 7,7, are
presented in Appendix. For arbitrary broadening, the
equiisotopic composition, and taking into account the
orienation and alignment constants, they can be obtained
based on the results of papers [34, 37, 38]. The expression
for the tensor J; can be obtained from (9) by making the
+ — — index replacement, and for the tensor 75 — from j;"
by making the 1 « 2 replacement.

We will derive equations of motion (lasing is also
possible) for the 17 wave in the scalar form by using the
equation
j=12

M E/M = EM, (10)

j
for determining the polarisation—frequency characteristics
of the cavity modes by neglecting backscattering. By
transposing this equation, we multiply it from the right
by the matrix

0 -1

1 o)
and then multiply the obtained equality from the left by he
nonstationary equation for the wave 17 following from the
system of vector equations (6). Hereafter, the subscript M is

assigned to the eigenvalues and eigenvectors of the cavity
matrix. Then, taking into account the relations
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we represent equations of the lasing of the wave 17 in the
form

cot(z;h

+
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+
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Equations (12) are written by assuming that the reflec-
tion and transmission coefficients for counterpropagating
waves belonging to one cavity eigenvalue satisfy the
conditions |¢f| &~ 1, |r| < 1, and the inverse scattering from
one cavity mode to another is small (|a| < 1), so that only
the terms of the first-order smallness in » and « are taken
into account in (12). The equations of lasing for the wave 1~
are obtained from (12) by the + < — index replacement,
and equations for the waves 2* (27) are obtained from
equation for the waves 17 (17) by the 1 « 2 replacement.

In a strongly anisotropic-cavity gas laser, where the
relaxation times of polarisation characteristics are much
shorter than the relaxation times of the intensities and
phases of generated waves, the time dependence of polar-
isation states can be neglected (dz/d¢’ = 0), by assuming
that they are constant and equal to polarisation parameters
specified by the cavity: z| , = zyp2s. As follows from (12),
this allows one to neglect the influence of backscattering
from one mode to another. In addition, expression (12) for a
strongly anisotropic-cavity gas laser contains the phase
difference of counterpropagating waves belonging to one
cavity mode, which allows one to write equations for these
variables, thereby reducing the dimensionality of the system.

Taking into account the explicit form of expressions for
hi and H,", determined by (8) and (9), assuming that 7 = 1
and introducing the notation of experimentally measured
quantities, we write the equations of lasing of the FRGL in
the final form [41]

E_{Pl

=hf +InAfy, +rf

+ ot

(12)

dr P
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+057 L + Ol — Rﬂ/,iepl >*
h

— Re (ﬁlilill =+ 0 [l;c + Olgilzi

A i
—Im[ V;fl cot(zif —Z;M)} }21#, (13)

lel_Re{AWﬁ + 4. Awy
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g cottz 23|
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Equations for I;* and ¥, are obtained from expresswns
(13) and (14) by the 1 « 2 replacement. Here, I5 = I, 2 3P
are the dimensionless intensity of generated waves; '1’1_,2 are
the phase differences of counterpropagating waves belong-
ing to one eigenvalue of the cavity matrix (¥, = ¥;" — ¥,
¥, = ¥ —¥y), AQ,, is the frequency difference of
counterpropagating waves (AQ, = Q" — Q[ , AQ, = Q,f -
Q5); Q=wL/(cty); AQjp is the frequency difference
specified by the cavity (AQy = Q. — Qic, AQyy = Q5 —
Q20); T = 1'10; 10 = kolP; P12—U1i2—1/’112ap Ulizo =
(/n" +1/n0 +1/ny+1/ny)/4; and ny, is the pump
excess over the threshold at the line centre.

The self-saturation and cross-saturation coefficients have
the form

0i7" = ¢'F +ic{*F cot(z{ — z3y), (15)
9:(:1 aj:¥_b1i|:FSin(Zli+22iM)_bﬁ:‘:sin(zli"i_ZZ:kM)
1 cosh2f T sin(zj*

- ZZiM)

(16)

+id T cot(zf" — z3hy).

Expressions for 05" can be obtained from expressions for
07 by the formal 1¥ — 2% index replacement at the
parameters a, b, d, and coshf3, and for 01; — by the
17 — 27 replacement; the quantities 0j; describing the
combination interaction are obtained from expressions for

0;;7 by the 17 —k, cosh[fk —cosh[32i replacement.
Expressions for 02;, inf, 021 , Hﬁf 05 follow from
expression for 0, 05, 0%, 057, 0 after the 1 < 2
replacement.

The backscattering coefficients depend on the polar-
isation of generated waves:

R¥_i cosh 28 sin(z3, — z77)
b 19\ cosh 2B, sin(z3y, — z;7)”

(17
r2 cosh 25 sm(le —zy)
79 \[ cosh 285 sin(zi5, — zF)

RF ==

Equations (13) and (14) are valid for the third-order field
perturbation theory upon the adiabatic elimination of the
dynamics of variables of the medium, for a longitudinal
magnetic field applied to the medium, and for the cavity
anisotropy of an arbitrary type greatly exceeding the
medium anisotropy (a strongly anisotropic-cavity laser).
So far backscattering has been taken into account only
for counterpropagating waves with coinciding linear polar-
isation states (see, for example, [5]). Unlike previous FRGL
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models (see, for example, [4—6]), this model also takes into
account the deformation of the polarisation states of
generated waves [42, 36] during their propagation in the
active medium. In the case of the linear phase anisotropy of
the cavity, all the lasing regimes observed in experiments [7]
were obtained in [41] based on equations (13) and (14).

The main advantage of the model proposed in the paper
is the explicit dependences of the backscattering coefficients
on the polarisation states of generated waves, which allow
one to study the influence of polarisation on the width of the
frequency synchronisation zone of a laser gyro. It follows
from (17) that the coefficients R,", achieve maximum values
in the case of linearly polarised counterpropagating waves
and vanish in the case of circularly polarised waves. The
nonzero width of the synchronisation zone in the case of
circular polarisation can be caused by the depolarisation of
radiation upon backscattering.

Consider a particular case of the generation of ellipti-
cally polarised waves, which are produced by placing a
linear phase plate and an optical rotator into the FRGL
cavity. The Jones matrices of such a cavity for counter-
propagating waves (+) have the form

~y (e 0 cos ¢
M —(0 e*”’)(sinqb

where y and ¢ are the linear and circular phase anisotropy
and tilde means transposition. The eigenvalues of matrices
M* and the frequency difference of unidirectional and
counterpropagating waves are determined by the expres-
sions

—sin¢ - =
cosd ),M =M", (18)

Aifisan = cos 2y cos 2¢ + (cos? 2y cos? 2¢p — 1)'/2
(19)

i — w3 = 2arccos(cos 2y cos 2¢)c/ L,

and the polarisation states of cavity modes are described by
the expressions [36]

yihy = 1/2arctan{—tan ¢}, sinh 2B/}, = —sin ¢ coty,

V|+M - V2+M =n/2, 52+M = —fﬁMa (20

SR & - = gk
Vimam = ViM2aMms élM,ZM = —&vam

It follows from (20) that the unidirectional waves are
polarised orthogonally, while the counterpropagating waves
belonging to the same eigenvalues of the cavity matrix are
polarised nonorthogonally, their azimuths being the same
and ellipticities having the opposite signs.

3. Self-oscillation lasing regimes

The four-frequency ring gas laser considered here has many
experimentally controlled parameters. Therefore, by inte-
grating numerically equations (13) and (14), we will
determine first the region of values for the linear and
circular phase anisotropy of the cavity in which self-
oscillations regimes of lasing of elliptically polarised waves
are possible. This region is shown in Fig. 2. One can see
from the diagram that, self-oscillations in this system can
occur if the ellipticity is not too large: 0 < ¢ < 0.2. The

diagram was calculated for 4 =1.15 um, ¢/L = 417 MHz,
Ku/2m = 480 MHz, ni" =i = 1.3,y = 0.178, y, = y,/2Ku
=0.014, and y, =7v,/2Ku =0.0215, for the initial con-
ditions I/5|,_o =0, and ¥ 5., =0, and dissipative
coupling (¢ + ¢1,)/2 =n/2, as well as for x =0 and
r,"/(cosh2B,1y) = r5 /(cosh 2, 7y) = r = 0.001. We used in
calculations the nonlinear interaction coefficients ¢, a, b,
and d for single-isotope gas in the Doppler limit in the
approximation of three relaxation constants by neglecting
the combination interaction.

¢/rad
0.010

0.008

0.006
0.004 -

0.002

1
0 0.02 0.04 0.06

W /rad

Figure 2. Self-oscillation region (grey) for x = 0, ri, = 0.001.

Consider now the influence of the amplitude of the
backscattering coefficient and detuning of the lasing fre-
quency from the gain line centre on the FRGL dynamics for
different values of the linear and circular phase anisotropy
from the self-oscillation region. For 1 = 0.005 rad,
¢ = 0.0015 rad, which specify, according to (20), the pola-
risation—frequency characteristics of the cavity modes
i = —7.5x 107" rad, &y = —0.146 and (0 — 0c)/2n
= 1.38 MHz, Fig. 3 presents the diagram of attractors
(stable solutions of lasing equations) in the plane (r, x),
calculated for the zero initial conditions I5|,_, =0 and
Pi2le=o = 0.

Note that, because the polarisation states of counter-
propagating waves forming a standing wave are different,
lasing regimes 2 and 3 in Fig. 3 can be only conditionally
called standing-wave regimes because the counterpropagat-
ing components in the standing wave have the same
polarisation.

Figure 4 shows periodic oscillations of the intensities /i,
I and phase differences ¥, for r =0.001 for 11%2|T:0 =0
and ¥ ,|,_, =0 and different detunings from the line
centre.

For the chosen cavity parameters, the FGRL dynamics
with elliptically polarised waves demonstrates properties
that are similar to those observed experimentally [7] and
described theoretically [41] for linearly polarised waves. In
both systems, the same lasing regimes exist: in the self-
oscillation regime, the intensities /= (I5°) of counterpropa-
gating waves belonging to the same eigenvalue of the cavity
matrix, and the intensities 7,", I," (I, I, ) of unidirectional
waves oscillate out of phase, while the intensities I,;*, I, (I},
LY) of counterpropagating waves belonging to different
eigenvalues of the cavity matrix oscillate in phase; the
transition through the line centre is accompanied by the
switching of intensities and polarisation states of counter-
propagating and unidirectional waves.
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Figure 3. Diagram of attractors (stable solutions of the equations of
lasing of a FRGL) for y = 0.005 rad, ¢ = 0.0015 rad, y;, = —7.5x
107 rad, —¢{; = 0.146 and (w, — ®e)/2n = 1.38 MHz. Lasing regi-
mes shown in the figure: (1) self-oscillations of the intensity I of four
travelling waves and the phase differences ¥, of counterpropagating
waves; (2) stationary regime of lasing of two counterpropagating waves
1" and 1~ with identical intensities and frequencies, and the phase
difference ¥ = —n/2; (3) stationary single-frequency regime of lasing of
a standing wave formed by two counterpropagating traveling waves 2"
and 27 with the phase difference ¥, = n/2; (4) stationary regime of
lasing of four traveling waves with different intensities; (5, 6) stationary
two-frequency regime of lasing of two orthogonal elliptically polarised
counterpropagating waves 17,27 and 27,17, respectively, with diffe-
rent frequencies.

/ MHz

Figure 5 illustrates the behaviour of phase character-
istics in the detuning region near the line centre, where the

intensity switching takes place. One can see from Fig. 5a
that the average values of the phase difference are constant
(P, = —n/2, ¥, = +n/2) and do not change after passing
through the line centre, experiencing jumps by 27 away from
it. The instantancous values of the phase difference change
continuously (Fig. 5b) in the narrow detuning region (a few
tens of kilohertz) near the point x’ ~ —125 kHz rather than
at the line centre. A similar behaviour of phase variables was
found in the theoretical study [43] of the dynamics of a
scalar field class B laser.

A specific feature of the generation of an electromagnetic
wave with the nonzero ellipticity compared to a linearly
polarised wave is the appearance of the additional phase
shift described by the expression [39, 38]

~
~

@0

If the phase differences determined by the polarisation of
cavity modes according to (20) are taken as the initial phase
differences, the type of oscillations will considerably change.
Figure 6 shows periodic oscillations of the intensity and
phase difference of counterpropagating waves for
Ii5]g =0, ¥i|l_o=22x10"*rad, ¥,|,_, = —3.13 rad,
other parameters being as in Fig. 4. One can see that self-
oscillations have the same form in a broad detuning range to
the right and left of the centre as at the centre. The intensity
switching occurs at detunings x ~ +36 MHz symmetric with
respect to the centre. The phase characteristics in the vicinity
of switching points change as it occurs near the centre
(Fig. 5).

The shift of the intensity switching in detuning caused by
the phase shift of the wave, whose value is determined by the
polarisation state of the wave, is the effect of the polar-
isation-phase dynamics. The appearance of the additional
phase difference of generated waves, caused by the different
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states of polarisations of these waves, and changing qual-
itatively the type of the system dynamics, was found in the
description of the interference of two quasi-monochromatic
waves [17]. Here, it is pertinent to recall the influence of
polarisation on the frequency characteristics of ring gas
lasers in the stationary regime, when the difference in
ellipticities of counterpropagating waves in lasers gives
rise to the difference in their frequencies, i.e. to the polar-
isation nonreciprocity [44, 35].

4. Chaotic and stochastic regimes

An understanding of the importance of chaotic and
stochastic regimes in the functional processes of neural
devices, biological, social, and economic systems, in the
development of new principles of data processing, data
security in optical communication devices, in the develop-

ment of optical computers, etc. has made these regimes be
the object of extensive recent investigations. At present
there exist a number of scenarios of evolution from the
stationary solution to the periodic one and, finally, to the
chaotic solution (see, for example, [45-48]); however, the
picture of the possible ways of the appearance and
manifestations of chaos is far from complete. One of the
problems being extensively studied in the last years is the
appearance of chaos in nonlinear systems with symmetry
(see, for example, [49, 50]). The symmetry of a dynamic
system leads to the bistability and multistability of
attractors with different topologies, resulting in the
appearance of complicated regimes due to the interaction
of chaotic attractors when the trajectory falls into the basin
of attraction of two (or several) such attractors (see, for
example, [47]) or due to the appearance of complex periodic
solutions (with trajectories covering several stationary
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states) evolving to a chaotic attractor with a complex
topology upon changing the control parameter. One of the
possible mechanisms of the appearance of complex dynamic
structures is the influence of random fluctuations.

4.1 Spontaneous phase symmetry breaking
and the deterministic chaos

The phenomena of the polarisation symmetry breaking and
restoration were described with the help of singular
(symmetric) bifurcations of stationary and periodic solu-
tions in [51]. The consideration of the linear coupling of
counterpropagating waves allows one to discover the effects
of the phase symmetry breaking and restoration. The
spontaneous phase symmetry breaking, defined as the
passage from the self-oscillation regime with the zero
frequency difference of counterpropagating waves to the
bistable self-oscillation regime with the nonzero frequency
difference of these waves, was discovered in a class A single-
mode two-frequency laser with the coinciding linear
polarisation states of the laser waves [52, 53].

In the absence of a longitudinal magnetic field on the
active medium, equations of lasing (13) and (14) are
invariant with respect to the transformations [54]

G:{Il+7l2+7[l_7[2_7qllaq/2aA(D}
- {If7[{a[1+712+77A@_ lPlMAgD_ T277A¢}7 (22)
G:{[1+7[2+71f7157q117q/27x}

_>{12+711+71{71f7_'P27_lP17_x}’ (23)
where x = (x;" +x,)/2=(x +x7)/2; and AdD = ¢ ,—
b

Condition (22) reflects the invariance of equations (13)
and (14) with respect to the replacement of propagation
directions under the condition of the constant phase differ-
ence, which for the equal intensities of travelling
counterpropagating waves with identical frequencies repre-
sents the condition of formation of a standing wave, and for
different intensities of these waves, leads to bistability. The
second transformation depends on the detuning parameter,
reflecting the invariance of the system with respect to the
change of the sign of this parameter.

The invariance condition (22) is manifested in the
appearance of periodic lasing regimes with different sym-
metry properties [55]: symmetric S cycles, whose trajectory
in the phase space remains invariable after the trans-
formation G, and asymmetric M cycles, which are always
created in a pair and are transformed to each other by the
transformation GX;(¢) = X,(¢#). The similarity of the sym-
metry properties of periodic lasing regimes and chiral and
achiral biological macromolecules [56] makes it possible to
use the dynamics of anisotropic laser systems for studying
evolution processes in biology.

Figure 7 presents the diagram of attractors calculated in
the plane (r, x) for y =0.08 rad, ¢ =0.07 rad, 7}, =
—0.0035 rad, &, = —0.0435, (oif — wi)/2n = 21.3 MHz,
and the zero initial conditions. According to (23), in region 2
of stationary standing wave generation, for x <0, the
standing wave is formed by the counterpropagating trav-
elling waves 1%, 1~ with the phase difference ¥, = —7/2,
and for x >0 — by the waves 27 and 2~ with the phase

difference ¥, = /2. Figures 8a, b illustrate the behaviour of
the average phase differences ¥, and ¥, for r = 0.001 and the
zero initial conditions during the successive passing thorough
regions 2—>1—-3—>1—-3— 1 —2 from left to right
(Fig. 7).

r/lO4
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Figure 7. Diagram of attractors for = 0.08 rad, ¢ = 0.07 rad, y;5, =
—0.003 rad, &y = —0.0435 and (oit — ws)/2n = 21.3 MHz. Lasing
regimes shown in the figure: (1) self-oscillation regime corresponding
to the symmetric limit cycle with out-of-phase oscillations of the
intensities of counterpropagating waves with elliptic nonorthogonal
polarisation states; (2) single-frequency stationary regime of lasing of a
standing wave formed by two counterpropagating travelling waves with
elliptical nonorthogonal polarisation states; (3) stationary regime of
lasing of two standing waves with different intensities; (4) stationary
regime of lasing of four travelling waves with different intensities; (5)
asymmetric limit cycle and deterministic chaos; (6) stationary regime of
lasing of two travelling waves with different intensities and frequencies
(1*,27 to the left of the centre and 27, 1 ~ to the right of the centre); (7)
asymmetric limit cycle of the second kind with the intensity oscillation
and phase-difference rotation; lasing regimes caused by the sensitivity of
the system to the action of random noise are shown by crosses.

One can see that these quantities change in the self-
oscillation region due to jumps in the instantaneous phase
differences by 2m, which do not change the intensity. The
behaviour of the instantaneous intensities and phase differ-
ences is shown in Figs 8c, d. Depending on the detection
conditions, for which a finite time interval was chosen, the
average phase difference can change both continuously and
jump-wise.

The transition from the regime 4 of lasing of four
travelling waves to the regime 3 of lasing of two standing
waves (both to the right and left of the line centre) is
accompanied by the pitchfork bifurcation of the stationary
solution. According to (22), for the specified value of the
parameter @, the choice of one of the two possible solutions
of the travelling wave type will be completely determined by
fluctuations of the initial conditions, which suggest that the
spontaneous phase symmetry breaking (restoration) takes
place at the bifurcation point.

At the boundary of region 4, with increasing |x| and
constant r an asymmetric limit cycle appears due to the
supercritical Hopf bifurcation from the stationary solution
corresponding to the generation of four travelling waves. As
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|x| is further increased in hatched region 5 (Fig. 7), depend-
ing on the value of the backscattering coefficient the M cycle
behaves differently. Figure 9 illustrates the evolution of the
phase trajectories and time realisations for I;{= and of the
power spectra with increasing detuning x for r = 0.0005,
beginning with the moment of appearance of the asymmetric
limit cycle and ending by the appearance of the symmetric
cycle (from top to bottom in Fig. 9). The numerical
calculations were performed by using a sufficiently small
step over the parameter. One can see that first, for
x' = —36 MHz, the M cycle with the period T appears,
which experiences two doubling-period bifurcations at
x' = =372 and —38.2 MHz. Then, for x' = —38.9 MHz,
the asymmetric double-band strange attractor is realised
(see, for example, [45]) followed by a reverse period of
doubling bifurcation cascade: the 4T cycle for x' =
—39.94 MHz and the 2T cycle for x' = —39.96 MHz.
Finally, for x’ = —39.97 MHz, due to the pitchfork bifur-
cation of the periodic solution, the stable symmetric S cycle
appears, i.e. the phase symmetry is restored (when the
parameter is changed in the opposite direction, the phase
symmetry is broken).

In region 1 (Fig. 7), the intensities and phase differences
oscillate periodically with respect to the stationary solution
corresponding to the regime of lasing of two standing waves.
Therefore, we can assert that the spontaneous phase

symmetry breaking in the FRGL under study, which is
described by the pitchfork bifurcation, takes place both for
the periodic and stationary solution in passing from the
generation of travelling waves to the generation of standing
waves.

The pitchfork bifurcation of the periodic solution
accompanied by the appearance of chaos due to the
Feugenbaum sequence was observed in a radio engineering
system [57]; in laser and optical systems, it is found for the
first time.

In region 5, where the deterministic chaos exists, depend-
ing on the initial conditions, attractors with different
topologies can exist simultaneously (multistability). Thus,
at the point x’ = —39.84 MHz, r = 0.0005 for the zero
initial conditions, the symmetric limit cycle is observed;
when moving with a small step over the detuning parameter,
the asymmetric strange attractor (similar to that presented
in Fig. 9) is observed, while for the initial conditions
Lo =258, |,_g = 1028, | _, = 4.098, 15 |,_, = 2.68,
Yil,.o =0.947 rad, and ¥,|,_, = —1.58 rad, chaos can
appear due to the bistability of asymmetric strange attrac-
tors: the system falls into tha basin of attraction of both
attractors and is alternatively on one or the other. Figure 10
presents the phase projections, time realisations, and power
spectra characterising the topology of such an asymmetric
attractor. The experimental realisation of one of the possible
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regimes of lasing in the multistability region will depend on
the properties of the FGGL under study and the scan rate of
a measuring system during detuning.

4.2 Complicated noise-induced oscillations

Complicated noise-induced oscillations were observed in
lasers with different active media: a gas laser [58], a
semiconductor injection laser [59], and a vertical-cavity

surface-emitting laser [60]. The influence of the rate of
passing through a bifurcation point upon the symmetry
breaking and the possibility of the predictable choice of one
of the bistable solutions were studied theoretically in
[61, 62].

The operation regimes of the FRGL sensitive to random
perturbations appear at small backscattering coefficients in
region 7 in the diagram of attractors (Fig. 7). Here, near the



Phase instability in a four-frequency anisotropic-ring cavity gas laser

11

I, (rel. units) I} (rel. units) o
/M
ol 10 %
5 30|
6 3
4+ g
8 —60 |
0 1 1 1 1 1 2 1 1 1 E 1 1 1
2 4 6 I (rel units) 0 2000 4000 6000  ¢/ps 0 1163 2326 22 /kHZ
|
I, (rel. units) L' (rel. units)
5 O
L s -
=
g
5 -30
3 - 3 §
g
1k 1 5 —60f
1 1 1 1 1 1 1 1 Q? 1 1 1
1 2 3 L (rel units) 0 2000 4000 6000 t/ps 0 1163 2326 2 /kHZ
2n
¥, /rad
0k
0.5+ m
=
g
5 30
—-1.5F g
&
5L o 8 _60 |
25 1 1 1 1 1 1 1 1 1 g 1 1 1
0.5 1.0 1.5 ¥ /rad 0 2000 4000 6000 ¢/ps A 0 116.3 2326 B/kHZ
2n
a b c

Figure 10. Strange attractor appearing due to the interaction of two asymmetric attractors; phase projections (a), time realisations (b), and power

spectra (c) for I;*, I, and ¥,.

boundary with the stationary regime of lasing of travelling
waves for x’ = —45.84 MHz, an asymmetric limit cycle of
the second kind is observed with the rotation of the phase
difference ¥, and oscillations of the wave intensity /, near
zero, which makes the system sensitive to random fluctua-
tions, of different physical origins.

We will study the influence of random fluctuations by
analysing the solutions of lasing equations (13) and (14) [63]
written in the Langevin form with the additive inclusion of a
random perturbation (see, for example, [64]); this is admis-
sible under the condition that the intensity of random
perturbations is low and is independent of variables and
time.

To determine principal effects caused by low-intensity
fluctuation perturbations, we consider, without specifying
the physical nature of these perturbations, the influence of
the delta-correlated (white) noise with the zero mathemat-
ical expectation and very low intensity, which can be
conditionally treated as a weak perturbation of the trajec-
tory of the system in the phase space. The sources of
random fluctuations in the case of the white noise with the
intensity D identical for all variables are defined as
(E())(E()) = DS(t — 1) (see, for example, [64]).

This consideration does not pretend to the mathemati-
cally correct description of the influence of random
fluctuations, both external (thermal, etc.) and internal
(spontaneous emission noise), which is rather complicated
in the case of four-wave lasing. Nevertheless, it allows us to
conclude that a mechanism of the development of compli-
cated oscillations can exist in multimode laser systems,
which is based on the stochastisation of the periodic regime

with the oscillations of the intensity of one of the waves near
the threshold.

Let us follow the evolution of the asymmetric limit cycle
of the second kind with the lasing frequency detuning from
the line centre in the presence of noise of intensity D = 107",
Figure 11 presents the time realisations and power spectra
for the intensities 75° for x' = —45.84 (a), —47.04 (b),
—47.42 (c) and —48.47 MHz (d). The variable ¥, behaves
with respect to noise as I, while I;" and ¥, behave as I,".

One can see that first the presence of noise affects only
I, (Fig. 11a), weakly distorting the time dependence and
power spectrum in the high-frequency region of this
variable. Then, the oscillation amplitude /; increases due
to nonlinear interaction, resulting in the increase in the
amplitude of the high-frequency (noise) component in the
power spectrum (Fig. 11b). In this case, other variables still
remain insensitive to the perturbations of the system due to
the complication of I, oscillations. The estimate of the
Lyapunov dimensionality of this attractor gives D = 2.3. As
|x| is increased, the oscillation amplitude 7, further grows,
so that, by preserving the complicated shape, the amplitude
becomes insensitive to the action of weak noise. The
attractor dimensionality decreases to D = 2.01. However,
due to rather large oscillation amplitude of ‘noisy’ variables,
all variables of the system take the complex oscillation shape
(Fig. 11c). And, finally, for x’ = —48.47 MHz, the motion
of the system becomes periodic with a very large period and
complicated oscillation shape (Fig. 11d). Not performing
quantitative studies of the degree of stochasticity (see, for
example, [60]), we will assign conditionally complicated
oscillations with a fractional dimensionality, existing in
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the region of the system sensitivity to noise, to stochastic
oscillations (Fig. 11b), and oscillations with a fractional
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Figure 12. Spontaneous phase symmetry breaking (restoration) in three-

dimensional projections for r = 0.00001; M cycles for x' = —48.47 (a, b)
and the S cycle for x" = —48.5 MHz (c).

dimensionality in the region insensitive to noise (Fig. 11c) —
to chaotic oscillations.

Then, for x' = —48.5 MHz, a pitchfork bifurcation
occurs, resulting in the merging and disappearance of
two long-period asymmetric limit cycles of the second
kind and in the appearance of a long-period symmetric
limit cycle of the first kind with the complicated oscillation
shape. Figure 12 illustrates the phase symmetry restoration
(breaking) for three-dimensional projections. Because the
system at the bifurcation point is already insensitive to
noise, we can assert that the choice of one of the asymmetric
limit cycles is completely determined by the values of
variables at the initial instant of time, which corresponds
to the spontaneous phase symmetry breaking.

The evolution of the time realisations of I for
symmetric attractors with increasing detuning is shown in
Fig. 13. Upon moving from top to bottom, for
x'=—478 MHz (a), a symmetric limit cycle is fixed
with the simplified oscillation shape and reduced period.
Then, this cycle loses its stability, and symmetric chaos
appears after the alternation, which exists for x’ = —49.4
(b), —50.4 (c), —51.4 MHz (d), which is followed by the
stationary regime of lasing of two standing waves with
different intensities.
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5. Conclusions

The nonlinear dynamics caused by the instability of phase
characteristics of the field generated in a FRGL with
linearly coupled elliptically polarised waves has been
studied by using the developed and experimentally tested
model.

It has been shown the intensities, polarisation states, and
phase differences of generated waves can be switched in the
self-oscillation regime existing in a broad range of control
parameters. The wave phase shift caused by the appearance
of the nonzero ellipticity leads to the shift of the intensity
switching from the detuning region near the gain contour
centre (which is typical for linear polarisation) to the
contour wing.

The symmetry properties of equations of lasing have
been established. It has been shown that the spontaneous
phase symmetry breaking for stationary and periodic
solutions occurs upon transition from the regime of lasing
of travelling waves to that of standing waves, which is
achieved by detuning the lasing frequency from the line

centre. Depending on the value of the backscattering
coefficient in periodic regimes, both the deterministic and
noise-induce chaos can appear in this case. The symmetry of
the system causes the multistability of regular and chaotic
attractors with different topologies.

A new mechanism of the appearance of complicated
(chaotic and stochastic) oscillations in anisotropic lasers
with the linear coupling has been discovered which consists
in the stochastisation of periodic regimes with the intensity
oscillations of one of the waves near the lasing threshold.
Upon detuning in the presence of the delta-correlated white
noise, these regimes give rise to stochastic oscillations and
chaos with different symmetry properties. A FRGL with
elliptically polarised waves can exhibit the following regimes
with the complex dynamic structure: asymmetric chaos
(appearing in the course of three different scenarios: the
period doubling bifurcations cascade of the asymmetric limit
cycle, the interaction of two asymmetric Feugenbaum
attractors, and the stochastisation of the limit cycle of
the second kind), noise-induced stochastic oscillations,
and symmetric chaos appearing through the loss of the
stability of the symmetric limit cycle and alternation.

The results of studying the dynamics of an anisotropic
FGRL with symmetry can be used in informatics for the
development of devices for data coding and protection, in
biology for explaining mechanisms of the appearance of the
chiral and achiral symmetry in nature, as well as for
explaining the formation of dynamic structures in multi-
dimensional coupled systems of different physical nature, in
particular, multimode anisotropic lasers with more complex
active media, which have not been theoretically described so
far.

The FRGL model developed in this paper can be used in
laser gyros for studying the dependence of the synchronisa-
tion zone width on the polarisation state of generated waves
and investigating the polarisation nonreciprocity appearing
due to defects in the manufacturing of cavity elements, the
deformation of polarisation specified by the cavity in the
active medium, and due to the depolarisation of back-
scattered radiation. The consideration of a longitudinal
magnetic field applied to the medium allows one to study
magnetooptical effects.
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Appendix

The nonlinear interaction coefficients in a FRGL for wave
1 corresponding to wave 17 2 — 17,3 —=2%,4—-27)in
the presence of a longitudinal magnetic field in the active
medium in the approximation of three relaxation constants
(12 = Vap/2Ku, y=y/Ku) and the limiting Doppler
broadening have the form [38]
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R, 1 1 1
R R R = Z —

4R R R ) (A9) 5 =310 +5Li(1) + £ Li(2)
ntidxy  yFid -y, Fi4 | | |

| . :§L2(0)+§L2(1)+6L2(2)7

bi3,b13 = EGXP[—(M + 47)]y1y2(Bys £ By3), o | | (AIB)
?2 §L1(0)*§L1(1)+6L1(2):Lz(2)>
exp[£2(x; 4 — i“/3)]< Ry R, )
Bisy = : 4+ —2_), (Al0 Ry 1 1 |
DR e i nwia) MO B0 ) n@ =L
(2 2 are expressed in terms of the Wigner 6j symbols L;, [65]
dy = SPECT AT Gk 26 A 4 By) s — 3], (ATD)

Ll(k):{k ! 1}, L2(k):{k ! .1}, (A19)

Jo i v 2 b

The ratio of the Fourier component of the inverse
population density of the medium to its average value is
[66]

Np, = Jo N(z) exp[—2i(K| — Kz)z]dz/J N(z)dz. (A20)

0
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Expressions for a4, b4, b1s, and d;, are obtained from

expressions for a3, b3, bi3, and d3 by the replacement
B3 — B4, 73 — V4, X13 — X145 the upper sign corresponds to
the coefficient a;; and the lower sign — to the coefficient d;.

The nonlinear

interaction coefficients for wave 2 are

obtained from (A1l)—(A20) by the subscript replacements
1 < 2 and 3 < 4, for wave 3 by the replacement 1 < 3 and
2 « 4, and for wave 4 by the replacement 1 < 4 and 2 « 3.
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